It has been suggested, on the basis of modern hydrology and fully coupled palaeoclimate simulations, that the warm greenhouse conditions 1 that characterized the early Palaeogene period (55-45 Myr ago) probably induced an intensified hydrological cycle 2 with precipitation exceeding evaporation at high latitudes 3 . Little field evidence, however, has been available to constrain oceanic conditions in the Arctic during this period. Here we analyse Palaeogene sediments obtained during the Arctic Coring Expedition, showing that large quantities of the free-floating fern Azolla grew and reproduced in the Arctic Ocean by the onset of the middle Eocene epoch (,50 Myr ago). The Azolla and accompanying abundant freshwater organic and siliceous microfossils indicate an episodic freshening of Arctic surface waters during an ,800,000-year interval. The abundant remains of Azolla that characterize basal middle Eocene marine deposits of all Nordic seas [4] [5] [6] [7] probably represent transported assemblages resulting from freshwater spills from the Arctic Ocean that reached as far south as the North Sea 8 . The termination of the Azolla phase in the Arctic coincides with a local sea surface temperature rise from ,10 8C to 13 8C, pointing to simultaneous increases in salt and heat supply owing to the influx of waters from adjacent oceans. We suggest that onset and termination of the Azolla phase depended on the degree of oceanic exchange between Arctic Ocean and adjacent seas.
The recent Integrated Ocean Drilling Program (IODP) Expedition 302 (or Arctic Coring Expedition, ACEX) successfully recovered an expanded uppermost Palaeocene to middle Eocene sediment sequence from the Lomonosov ridge 9, 10 (Fig. 1) . The sequence is barren of carbonate but comprises abundant organic matter, biosilica and pyrite 9 . Often, submillimetre laminations are present, while benthic microfossils are frequently absent 9 , evidencing sluggish deep water ventilation. Organic (mainly dinoflagellate cyst) and siliceous microfossil assemblages record an early Palaeogene Arctic Ocean with generally low surface water salinity. This trend culminates in a notable finding: the lowermost middle Eocene comprises microlaminated sediments with extraordinary abundances of microspore clusters (massulae) of the free-floating, freshwater fern Azolla (Figs 2 and 3, and Supplementary Fig. S-2) .
Nowadays, Azolla requires standing freshwater bodies, such as ponds, canals and flooded rice fields in tropical, subtropical, and warm temperate regions. Even when the most tolerant species have experimentally been pre-conditioned by gradual increase of salt concentrations, Azolla tolerates salinities only up to 5.5‰, but normally Azolla cannot tolerate salinities higher than 1-1.6‰ (refs 11, 12) . Azolla fossils are known from the mid-late Cretaceous onwards and occupied freshwater habitats, as reconstructed from a number of widely distributed complete fertile plants of several fossil species 13, 14 . The Azolla-rich sediments ((5-30) £ 10 4 remains per gram dry sediment) are characterized by a total organic carbon (TOC) content of ,5% (Fig. 2) , compared to an early Palaeogene average of 3% (ref. 9) . Azolla maxima co-vary with physical parameters such as sediment density and magnetic susceptibility and with TOC content, suggesting that in these intervals Azolla remains constitute a dominant organic component of the bulk sediment (Fig. 2, Supplementary Fig. S-2) . At Azolla maxima, megaspores with or without attached microspore massulae and separate soral clusters of microspore massulae can be picked from sieved residues occurring at comparable abundances to those documented in Palaeogene microlaminated freshwater pond facies 15 ( Fig. 3 , Supplementary  Fig. S-2 ). On the basis of detailed light-and electron-microscopy studies of the Azolla microspore massulae, glochidia and megaspores, a morphological similarity is suggested with Azolla areolata, a species found only in Banks Island (District of Franklin) in the Eureka Sound group, Canadian High Arctic, in sediments with a tentative Palaeocene to Eocene age 16 . However, several distinctive features suggest that the specimens from the Lomonosov ridge probably constitute a new species of Azolla.
The palaeoecological and palaeoclimatological implications of the Arctic Azolla phase depend on whether the remains were brought in by periodic mass transport from freshwater bodies on adjacent continents, or if Azolla grew and reproduced in situ in the Arctic Ocean. The presence of mature megaspores with and without attached massulae, single, small groups and large clusters of massulae and probable aborted megaspores of Azolla in the ACEX material ( Fig. 3, Supplementary Fig. S-2 ) all indicate that it is highly unlikely that this reflects a transported assemblage. This is strongly supported by the relative scarcity of terrestrially derived palynomorphs (pollen and spores). Further, values of the BIT (branched and isoprenoid tetraether) index, a measure for the amount of river-derived terrestrial organic matter relative to marine organic matter 17 , are extremely low (,0.1), in marked contrast to values characteristic of the Palaeocene/Eocene thermal maximum that are found further down hole 18 . Collectively, this information reflects the distal position of the site and in situ Azolla growth. Azolla maxima in the bulk samples analysed from Cores 302-4A-11X and 302-4A-12X are accompanied by the lowest numbers and diversities of presumed exclusively marine plankton (Fig. 2) but high numbers of freshwater chrysophyte cysts (up to 1 £ 10 7 per gram dry sediment; Fig. S-2) . Hence, we conclude that surface waters of the central Arctic Ocean during the start of the middle Eocene were fresh enough to allow in situ growth and reproduction of Azolla.
However, brackish-marine dinocysts and notably diatoms, silicoflagellates and ebridians (up to 2 £ 10 7 per gram dry sediment) continue to be present in all samples of the Azolla interval. Microscopy of the laminae indicates that the marine siliceous microfossils are concentrated in the light layers that are alternating with the dark, organic-rich Azolla layers ( Supplementary Fig. S-2 ). Because the current age model 9 allows the laminae to be possibly annual, they may reflect alternations of early spring brackish phytoplankton blooms followed by a late spring to summer precipitation increase, resulting in a stable stratified freshwater surface layer allowing rapid chrysophyte and Azolla growth. The frequency of the cyclic fluctuations in Azolla remains, density and magnetic susceptibility is about 1.3 m (Fig. 2) . Given the average early Palaeogene accumulation rates of ,1.3 cm kyr 21 in Hole 4A (ref. 9), these oscillations may reflect orbital forcing of the ,100-kyr eccentricity cycle, suggesting that the periodical freshening of the Arctic Ocean was astronomically modulated.
Abundant Azolla remains have previously been reported from the basal middle Eocene from all Nordic seas [4] [5] [6] [7] [8] , predominantly through unpublished commercial oil and gas exploration studies (Supplementary Information). However, so far no particular attention has been given to the recognition, cause and implications of this unique phenomenon. The basal middle Eocene Azolla pulses in the Nordic seas are consistently associated with the last (abundant) Figure 2 | Core recovery, chronology, palynological, physical properties and geochemical data across the Azolla phase of holes 302-4A and 913B. Correlation is based on the termination of the Azolla phase, and the general ACEX age model 9 . E. urs. and C. col refer to the dinocysts Eatonicysta ursulae and Charlesdowniea columna, respectively, and the asterisk indicates 'abundant'. TOC, total organic carbon; m.b.s.f., metres below sea floor; TEX 86 , an organic palaeothermometer. Numbers in core and recovery columns refer to core numbers. 'Magnetostrat.' indicates magnetostratigraphy (that is, the measured direction of the palaeomagnetic field, and the number of the corresponding magnetochron recognized, Chron C22n or Chron C21r).
occurrences of two marine dinocyst species 6 (Fig. 2) , indicating that they are synchronous. The top of this interval (also referred to as the 'Megaspore sp. 1 Event' , ref. 7) , is widely used as a stratigraphic marker in industrial boreholes and outcrops 5, 6, 8 Fig. 2 ). The timing of its onset is less certain, but is estimated at around 49 Myr ago 6 . Although we have not yet been able to show involvement of identical Azolla species and the dinocyst markers are absent in the Arctic sediments, such an age assessment is well in line with the current age model for the Palaeogene ACEX cores, and we thus infer the pulses are time-correlative horizons across the Arctic and Nordic seas.
The number of Azolla remains per gram sediment in IODP Hole 4A (,25 £ 10 4 ) is ten times that in ODP Hole 913B (2.5 £ 10 4 ), while average sedimentation rates (,1.3 cm kyr 21 at Hole 4A and ,3.0 cm kyr 21 at Hole 913B; refs 6, 9) are only about 2.3 times lower in the Arctic. Hence, Azolla fluxes to the sea floor were significantly higher in the Arctic Ocean than in the adjacent seas. Also, at Hole 913B the Azolla interval is accompanied by much higher percentages of marine dinocysts than recorded on Lomonosov ridge (Fig. 2) . In addition, the Azolla fluxes at Hole 913B and other Nordic sea sites ( Supplementary Fig. S-3 , Supplementary Table S-1) were still too high to result from river input. These aspects support a scenario of Arctic basin Azolla mats being transported through huge Arctic freshwater plumes, to as far south as the southern North Sea basin 8 . The onset as well as the demise of the Azolla phase in the Arctic Ocean potentially involved many factors that can change surface water conditions, such as temperature, salinity and mixing. We, therefore, estimated Arctic sea surface temperatures (SSTs) by applying the TEX 86 index, an organic palaeothermometer that is independent of salinity [19] [20] [21] and calibrated to mean annual temperature. TEX 86 values suggest SSTs of ,10 8C during, and 13-14 8C immediately following, the Azolla phase (Fig. 2) . These values are similar to, or slightly higher than, other late Palaeocene and Eocene floral, faunal and isotopic proxy evidence for mean annual temperature in the Arctic [22] [23] [24] [25] [26] . Among several hypotheses to explain such high-latitude warmth, the leading (and not incompatible) two are increased heat transport and increased atmospheric greenhouse gas concentrations, as well as their associated feedbacks [27] [28] [29] [30] . ACEX results for various time intervals indicate that relatively fresh conditions characterized the Arctic Ocean during the early Palaeogene 9, 10, 18 , matching results from climate model experiments ( Supplementary Fig. S-1 ), but only during an interval lasting ,800 kyr was the Arctic Ocean fresh enough to yield abundant in situ Azolla growth. To explain this pattern, we propose that the ,3 8C SST increase coincident with the termination of the Azolla phase represents a combined supply of heat and salt, resulting from the influx of waters from adjacent oceans. In contrast, the Azolla phase accompanied by relatively low temperatures (Fig. 2) suggests relatively limited combined supply of heat and salt. Such changes in heat and salinity are consistent in magnitude with the modern transports from the North Atlantic into the Arctic 3 , suggesting that these linked temperature-salinity signals reveal the turning on and off of a heat/salt transport switch. If correct, this implies that surface temperatures of ,11 8C (,20 8C warmer than today) prevailed in the Eocene Arctic without ocean heat transport. This indicates that increased greenhouse gas concentrations and associated feedbacks were probably the dominant factor in keeping high latitudes warm in the early Palaeogene.
METHODS
Palynology. Sediments were oven-dried at 60 8C. To ,2 g of sediment, a known amount of Lycopodium spores were added, after which the sample was treated with 30% HCl and twice with 30% HF for carbonate and silicate removal, respectively. After sieving over a 15-mm nylon mesh sieve, residues were analysed at 500 £ magnification. Absolute quantitative numbers were calculated using the relative number of Lycopodium. Palaeobotany. A sediment sample (302-4A-11X, 111-113 cm) was disaggregated in hot water followed by short (5 min) treatment with 30% H 2 O 2 . The sample was then sieved through 125-mm mesh and Azolla megaspores and microspore massula clusters were picked from the particles retained on the sieve. Picked specimens were cleaned for 3 days in 60% HF, prepared for electron microscopy, and examined using an Hitachi H-7600 transmission electron microscope (TEM) and a FEI Quanta 200F field emission scanning electron microscope (SEM).
A portion of microlaminated sediment of the same level was embedded in epoxy resin and a polished thin section was prepared to standard thickness perpendicular to the laminations. The section was studied uncoated using an Hitachi S-3000N SEM in variable pressure mode at 70 Pa with a back scatter detector and elemental analysis was performed using an Oxford Instruments Link Isis series 300 energy dispersive X-ray (EDX) system. The same areas of the same section were also photographed using transmitted light microscopy and reflected plane polarized light microscopy. Organic geochemistry. For the BIT and TEX 86 analysis, powdered and freezedried sediments (1-3 g dry mass) were extracted with dichloromethane (DCM)/ methanol (2:1) by using the Dionex accelerated solvent extraction technique. The extracts were separated by Al 2 O 3 column chromatography using hexane/ DCM (9:1) and DCM/methanol (1:1) as subsequent eluents to yield the apolar and polar fractions, respectively. The polar fractions were analysed for tetraether lipids and BIT and TEX 86 (refs 17 and 19 
